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The formation enthalpy of the Ing, defect in GaAs was calculated ab initio by a hybrid method consisting of an
atomistic- and a continuum calculation. The atomic relaxation of the lattice near the defect was treated with an atomistic
calculation, whereas the long-ranged elastic strain energy was obtained from a linear elastic continuum calculation. The
solubility of InAs in GaAs at room temperature and the maximum temperature of the miscibility gap in the solid so-
lution phase were determined from the defect formation enthalpy. The results are in good agreement with a ther-
modynamic assessment. The effect of lattice coherency on the ¢/ a ratio of epitaxial InAs monolayers grown on (100)
GaAs substrates is determined. The stability of such InAs layers with respect to the Ga-rich In,Ga,_,As solid solution

is predicted.
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I. Introduction

The growth of InAs on GaAs substrates is known to be
of Stranski-Krastanov(SK) type, in which initially 2D
monolayers form. When a critical thickness has been
reached, the coherency strain induces the growth to
switch into 3D mode, where coherent islands form. The
island formation is believed to be an alternative strain
relaxation mechanism®® to the misfit dislocation
mechanism. Being an interesting candidate for high
quality quantum dots for quantum devices, these islands
have inspired detailed studies of InAs/GaAs hetero-
structures.

One of the interesting phenomena is the atomic diffu-
sion between the islands and the substrate®. Diffusion
will affect the compositions of the materials inside and
outside the quantum dots and thus their morphology and
other properties. In this work we investigated the stabil-
ity of thin epitaxial InAs layers (in the early stage of the
growth) for the case of a (100) interface plane by con-
sidering the possibility of alloying or diffusion of atoms
across the interface. The two possibilities are the diffu-
sion of an In atom into the GaAs substrate and the
diffusion of a Ga atom from the substrate into the
epitaxial layer. However, because of the presence of the
nearby InAs/GaAs interface and surface, the latter can-
not be evaluated without explicit consideration of the
morphology. Consequently, the resulting Ga defect for-
mation enthalpy in this system is a function of many
variables. In contrast, the diffusion of In atom into the
substrate will form a defect with a well defined ther-
modynamic property, provided that it is at some distance
from the InAs/GaAs interface. As the energy of an In
atom dissolved in GaAs is lowest if it substitutes for a Ga
atom, we considered that diffusion causes Ing, substitu-

tional defects in the GaAs substrate. Therefore, the for-
mation energy of the Ing, substitutional defect cor-
responds to the solution energy of InAs into GaAs. This
solution energy was computed as a function of the strain
condition of the epitaxial InAs layer.

It is known that the epitaxial InAs layers are coherent
with the GaAs substrate. The lattice parameter in the
interface plane between InAs and GaAs varies as the
thickness of the InAs film increases. However, it is
reasonable to assume that at the thickness of few
monolayers, the epitaxial InAs will take the GaAs lattice
parameter in the interface plane. While in-plane the
lattice parameter is fixed by the coherency requirement,
the perpendicular lattice parameter takes a value that
minimizes the energy. By calculating both the formation
energy of the Ing, defect and the effect of the strain on
the energy of the InAs layer, we can predict the stabil-
ity of the InAs film on the GaAs substrate, and answer
the question whether diffusion is energetically favorable.

II. Theory

First, the lattice parameters and the bulk moduli of the
GaAs and InAs lattices were determined by calculating
the electronic total energy as a function of the lattice
parameter. The lattice parameter perpendicular to the
interface and the energy of the strained InAs were de-
termined by minimizing the energy of the strained InAs
lattice. The elastic constants of GaAs were calculated
from the curvature of the total energy with respect to
judiciously selected strains. Using the calculated lattice
parameters and elastic constants, the formation energy
of the defect was then calculated.

In the calculation of the formation energy of a defect,
the interactions of the atoms near the defect are beyond
the scope of the clastic theory and thus they must be
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computed by a more fundamental approach. In this
work, the density functional theory in the local density
approximation was used. The range of the elastic inter-
actions, however, is too long to be treated by the ab-
initio method, in which a small number of atoms can be
included only. A linear elastic continuum was then
used to model the part of the crystal that was not in-
cluded in the ab-initio calculation. By using a combined
approach, the formation energy of the defect, including
the long-range elastic strain energy, was computed.

The ab-initio calculations were performed by the
Vienna Ab-initio Simulation Package®® (VASP), a
program based on the local density approximation®® of
the density functional theory. The crystal is modeled by
a periodic replication of a so-called supercell. For a cal-
culation of the energy of a pure infinite lattice, the
primitive cell can be used as a supercell, but for calcula-
tions of surfaces, interfaces or alloys, larger supercells
are needed. Ultrasoft pseudopotentials®®!V describing
the interaction between ions and electrons and the
Ceperly-Alder  exchange-correlation function, as
parameterized by Perdew and Zunger'®, were used to
construct the Hamiltonians. The Brillouin-zone (BZ)
integrations used Monkhorst-Pack®® special k-points.
The electronic free energy minimization was done by a
matrix-diagonalization routine based on a sequential
band-by-band residual minimization method of the one-
electron energies™!¥,

The formation energy of the Ing, defect can be defined
as

Etorm =’111_£g [EInGa,,_lAsn —Epas— (n - 1)E'GaAs] (1)

where Ega,_,as, is the energy of a supercell consisting of
one Indium, #—1 Gallium and n Arsenic atoms, Ejnas
and Eg.a, are the energies of unit cells of InAs and GaAs
respectively.

The calculation of each term in eq. (1) requires a su-
percell of different size, and this can lead to various nu-
merical errors, e.g. those involving using different sets of
k-points. To avoid this problem, we separated the cal-
culation into two parts so that the small energetic differ-
ences were computed only for cases where all the energies
involved came from supercells with the same size. The
lattice parameter and the geometry changes were com-
puted separately using small supercells where a large
number of k-points for the BZ integration and a high
cut-off energy could be used to reduce the numerical er-
rors. Thus, for computational convenience we defined
Esom as (see Fig. 1),

Eform = Echem + Eelastic ’ (2)

where Eg.c is defined as the energy necessary for
changing the Ilattice parameter of InAs from its
equilibrium value to that of GaAs,

Eclasﬁc = EInAs (a = aGaAs) - EInAs (a = aInAs) . (3)

Eunas(@=agaas) and Epa(@=ana,) are the energies of
InAs at the GaAs lattice parameter and at its own
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Fig. 1 Schematic diagram of energy versus composition of the

In,,Ga,_,,As, supercell. EA is the energy of the cubic GaAs with the
lattice parameter a=dg,,,. EB1, EB2, and EB3 are the energies of
cubic InAs with a=ay,,;, strained tetragonal InAs with a=ag,,, and
¢ optimized, and cubic InAs with a=ag,,,, respectively. The strain
energy of the tetragonal InAs E,,,;, equals EB2/n. EC1 and EC2 are
the energies of the InGa,_,As, supercell calculated with a=ag,,,,
without and with atomic relaxation. Ep,,, E... and Eg., were
defined in eq. (2), eq. (3) and eq. (4), respectively. Note that for
clarity the energies and compositions are not plotted to scale.

equilibrium lattice parameter, respectively. Ecpen is sim-
ply the energy required for mixing the two materials, and
is defined as

Ecpemn=Enca,_,as, (d=0caas) — ‘;[‘ Ey s, (@=dcaas)

n—1

E'Ga”As,l (a = AGaas ) ’ (4)

where Erga,_as,» Em as, and Eg, 45 denote the energy of
supercells of InGa,-;As,, In,As, and Ga,As,, respec-
tively. Note that these supercells all have the GaAs lat-
tice parameter and that the atomic positions of the
InGa,-;As, supercell are optimized by minimizing the
energy. :

In eq. (4), Ecen is to be calculated in a supercell of
InGa,-,As, with a fixed volume ¥V}, corresponding to the
volume of Ga,As,. The formation energy in eq. (2) then,
based on the assumption that the chemical interactions
between the defect and the host lattice is completely
confined within the supercell. While it is true that chem-
ical interactions and irregular atomic relaxations are
normally limited to the immediate vicinity of the defect,
a smoothly decaying elastic interaction is expected over
a longer range. To account for this, the supercell is
thought of as being embedded in an infinite GaAs crys-
tal, and the cell volume is allowed to change. This
volume change causes a change in the supercell energy
AE.y and the strain energy AE.,, of the crystal that it is
embedded in. The total energy change AE,,, then, is
given by

A E‘long( V) =A Eccll( V) +A Ecou( V),
where
AEcell(V)zEInGa,,,_lAsn(V) _EInGa"_lAsn(VO)- (6)
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The strain energy 4 E..,(V) can be calculated within a
continuum approximation most simply when the super-
cell is a sphere and the material is isotropic. In this case,
the expansion of the supercell causes a spherical dis-
placement field in the continuum which depends on the
distance r to the defect only. The general form" of the
displacement field is given as,

u(ry=Ar+Br2. @)

The constants A and B are determined by the bound-
ary conditions for u(r) at the supercell radius R, and
r=o, AE., is given by

AE...=167uR(R—Ro), ®

where R, and R are the radius of the supercell before and
after expansion, and u is the Lameé coefficient.
However, a spherical supercell can not fill the 3D space
and thus strictly speaking cannot be used. In our calcu-
lation the defects were distributed in an fcc structure, so
the Wigner-Seitz cell of the defect was a regular rhombic
dodecahedron, which approximates a sphere. The
isotropic assumption is not quite true for GaAs, so we
took an average value for the Lame elastic constant u,

1 1
ll‘—"'z— (I-ll +,u2), ,ll1=C44, Il2=? (Ci—Cy). (9)

The equilibrium volume of the supercell (see Fig. 2) is
determined by minimizing the total change of the energy
AEjg (V). The formation energy of the defect then, is
given by

Eform= chem+Eelasﬁc+mgn [AElong(V)] (10)
As computing resources are limited, and as numerical
errors overwhelm FEj,., as n is increased, eq. (1) is nor-
mally approximated by choosing # between 10-100. In
this work, n=27 was chosen, and supercells containing
up to 54 atoms with volumes of (3a,)*/4 were used.
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Fig. 2 Energy of the InGa,_;As, supercell (n=27) AE; (X), strain
energy AE,, (0), and total energy AE,,,=AEy+A4E, () as a
function of the supercell volume. Note that the plot of AE,,, was
shifted, but has the same scale as A E .y and AE,,,,.
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Table 1 Calculated and experimental values of lattice parameters a,
and bulk moduli B, of GaAs and InAs.

Calculated values Experimental values

Material
a, (nm) B, (GPa) a, (nm) B, (GPa)
GaAs 0.5603 75.0 0.56440 75.4
InAs 0.6018 59.9 0.60498 60.0
Note: Experimental values of bulk moduli are from Ref. (16).

Experimental values of lattice parameters are from Ref. (17),
and have been extrapolated from 300 K to 0 K using the room
temperature linear thermal expansion coefficient.

III. Results

1. Lattice parameters and bulk moduli

The energies of the fcc GaAs and InAs lattices have
been computed as a function of the lattice parameter,
from 0.535 to 0.595 nm for GaAs and from 0.550 to
0.650 nm for InAs. The calculations were performed us-
ing the primitive unit cells with a cut-off energy of 144
eV, and 8,000 plane-waves were used to expand the
wavefunction. The BZ integrations were performed in
the irreducible part using 165 k-points. The calculated
energies were fitted to Birch form,

9 V 2/3 2
E(V)=Eo+?BoVo[<7°> —1}

9 V 2/3 3
+RBOV0(B6—4)[<7°> —1]

N I/())Z/S ]n
3l =] —1],
Sn(%

where FE and V are the energy and volume, the subscript
o indicates an equilibrium value, and B, and B are the
bulk modulus and its derivative with respect to the pres-
sure, respectively. The result is shown in Table 1.

(3]

2. Strained InAs

The coherent layer of InAs was modeled by a strained
InAs lattice. The interface was assumed to be the (100)
plane, and the lattice parameter in the interface plane
was assumed to be equal to that of GaAs. This assump-
tion is justified for the first few monolayers of InAs. The
lattice parameter in the [100] direction was determined by
minimizing the energy. The calculations were done using
a tetragonal unit cell with two formula units (f.u.) of
InAs. The cut-off energy was set to 144 eV and 8,000
plane-waves were used to expand the wavefunction. The
BZ integrations were performed in the irreducible part
using 196 k-points. The strained lattice was found to
have a lattice parameter in the perpendicular direction of
0.6472 nm, giving a ¢/ a of 1.155. Tetragonal InAs is 173
meV/fu. (16.7kJ/mol) higher in energy than the
equilibrium lattice.

3. Elastic constants of GaAs

The elastic constants C;; were calculated following a
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method outlined in Ref. (18). Cy;, Ciz, and Cy were cal-
culated from the curvature of the total energy with
respect to the strain, and from the bulk modulus.
Volume conserving orthorhombic and monoclinic strains
were used in which the Taylor expansion of the strain
energy contains second, fourth and higher powers of the
strain only. The absence of third order terms in the strain
makes determination of the curvature more accurate®.
Primitive unit cells were used, the cut-off energy was set
to 144 eV, and the wavefunctions were expanded with
8,000 plane-waves. Integrations in the irreducible section
of the BZ used 125 k-points. Two set of calculations were
performed—one with the lattice parameter set to the
calculated value of 0.5603 nm and the other with the ex-
perimental value of 0.5653 nm. The calculated and the
experimental elastic constants are shown in Table 2. The
table shows that the calculated C;; and C;, agree well
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with experiment, but the calculated Cy differs apprecia-
bly from the experimental data. The agreement be-
tween calculation and experiment is better for the calcu-
lation based on the experimental lattice parameter. This
implies that a significant part of the error of the calcu-
lation of the elastic constants came from the error of the
calculation of the lattice parameter. For the sake of
consistency, in the following calculations we used the
elastic constants calculated at the calculated lattice
parameter.

4. Formation energy of Ing, defect

In the ab-initio part of the formation energy calcula-
tion, Eq.qic Was calculated with the unit cell of InAs, a
cut-off energy of 200 eV and 8000 plane-waves. The BZ
integrations were performed using 286 k-points in the ir-
reducible part. For the calculation of Eyen and Ey, the

supercells consisted of 27 cations and 27 anions (As), a
cut-off energy of 200eV and 76233 plane-waves were
used, and the BZ integrations were done using 10 k-
points in the irreducible part. The atomic positions in the

Table 2 Calculated and experimental values of elastic constants of
GaAs.

Elastic Constant Calculation Experiment Iny;Asy; and Gay; Asy; supercells were set according to the
(GPa) 2=0.5603 nm  a—0.5653nm  @=0.5653 nm usual Sphalerite structure. The atomic positions of the
InGaysAs;; supercell were initialized according to the
g“ 1;5"2 1;2'2 1;2;; Sphalerite-type GaAs structure, and were subsequently

" . . . .. . . .
Cu 80.6 737 5944 optimized by a conjugate-gradient minimization of the

total energy. The optimized supercell was found to have

Note: Experimental values are from Ref. (16). an energy 0.375 eV below that of the unoptimized su-

Table 3 Relaxation of the 53 atoms around an Ing, defect in an InGa,gAs,; supercell. The atoms are grouped according to their
initial relative distances from the defect into 7 shells. The supercell is a rhombic dodecahedron with the defect at the center.

Distance Atomic No. of Initi.al . .
Shell (nm) species atoms po:;:tlg:nv?ao) Relaxation (a,) Constraints
1 0.2426 As 1 111 0.01251[111]
3 1411 0.01251111)
2 0.3962 Ga 3 1<011) 2.8x 1074111)
3 14011> 2.8x 107#[I11]
6 +<011) 2.8x 1074111
3 0.4646 As 3 <113 4.8x 1075<110)+2.0x 107°<001)
3 113) 4.8x107°(110)+2.0x 107°<00T)
6 L13) 4.8x107°¢110Y+2.0x 1073001
4 0.5603 Ga 6 +<001) +1.2x107*001)
5 0.6106 As 3 +<133> 2.2x 1074<100) 1
1 4 [133] 2.2x1074[100] 1
1 4313 2.2x107*[100] 1
1 4 1331] 2.2x1074[100] 1
6 0.6862 Ga 1 1+ [112] 5.0x1075[111] 2
1 +112] 5.0x 1075 [111] 2
1 4 [121] 5.0x107°[111] 2
1 1 [112] 5.0x 1075 [111] 2
1 1 [112] 8.3x 1078 [I11] 2
1 1112] 8.3x107°[111] 2
1 1117] 8.3x1075[111] 2
1 121 8.3x 107¢[111] 2
7 0.7279 As 1 4 [115] 5.5x 1075 [111] 2
1 1 113] 5.5x1075[111) 2
1 1 [115) 5.5x107°[111] 2
1 41511 5.5x1075[111] 2
1 211 [000] 3
Note: In this table the symbol {112) means all of the following directions [112], [121], and [211]. The number in the last column shows the

number of symmetry planes which intersect the atomic position. The symmetry planes artificially restricted the atomic relaxation.
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Fig. 3 Minimum of the total energy 4E,,, (A) and the corre-
sponding ¥/ V, (<) as a function of the Lamé constant .

percell. The atomic relaxations are shown in Table 3.
The relaxation of atoms from their initial positions
decayed rapidly with the distance from the defect. Most
of the relaxation occurred in the nearest-neighbor shell.
Note that the atoms on the 5% to 7*® shells were on the
boundary of the supercell, and therefore were shared
among the adjacent supercells. The numbers of atoms
shown in the table has been divided with the appropriate
factors. E.pnsic was found to be 0.550 ¢V and Egem Was
—0.380 eV, thus the formation energy Er,m of the defect
was 0.170eV (2.72%x1072°J). The minimum value of
E..u(V) was found at the volume corresponding to
AV/Vy=4.85x% 1073, and the energy was lower than that
of the unexpanded supercell by 7 meV.

Using the values of the elastic constants calculated in
Section IIL.3 the elastic energy of the continuum outside
the supercell was calculated as a function of the supercell
volume. The total reduction in the energy 4 Ejon, (V) was
found to have a minimum at the volume corresponding
to AV/V,=1.67%1073, and the energy was lower than
that of the unexpanded supercell by 3 meV. As we have
shown in Section III.3, there is an appreciable uncer-
tainty in the calculated value of Cu, and thus in the value
of u. Our calculated value of u is 3.47 X 10% eV/m?, and
the experimental value is 2.8 X 10% eV/m?. Fortunately,
the value of u is in the range that the minimum A4 Ej,p, is
not very sensitive to it—the minimum A4 E)o, varies by 0.5
meV when u varies between 3 to 4 x 10% eV /m3(see Fig.
3). The volume relaxation contributes —3 meV to the
formation energy of the defect, and the formation energy
of the Ing, defect in GaAs is 0.167 eV.

The defect formation energy was in reasonable agree-
ment with the result, 0.197 eV, extracted from the work
by J. Y. Shen et al."”, where the interaction parameters
for the pseudobinary solid were obtained from a ther-
modynamic assessment of the As-Ga-In ternary system.
Assuming that the energy of mixing of the InAs-GaAs
solid solution can be represented by a nearest-neighbor
effective pair interaction between cation atoms only, the
Ing, defect energy completely determines the configura-
tional thermodynamics®. Using the Ing, defect energy
computed in this work, the cluster variation method® in
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the tetrahedron approximation then gives a miscibility
gap with a maximum temperature of 546°C. This is in
perfect agreement with the temperature of 533°C
reported in the assessment!®. At room temperature,
InAs was computed to have a very low solubility in GaAs
of just 0.15 at%.

For the InAs/GaAs heterostructure, however, the
strain raises the energy and the solubility of InAs. As
shown in Sect. III.2, in the case of the coherent epitaxial
InAs consisting of just a few monolayers, the strain
energy is 0.173 eV/f.u., greater than the formation
energy of Ing, (shown as Eg.i, and Eiom, respectively, in
Fig. 1), thus in this case the solution energy is negative
and such layers are not thermodynamically stable with
respect to a dilute solid solution. A small coherent InAs
precipitate in GaAs has an even higher strain energy
(Eaasic=0.550 eV /f.u.), and hence can not exist in
equilibrium either.

IV. Conclusion

The local density approximation of the density func-
tional theory has been applied to the calculation of a few
fundamental properties of GaAs and InAs crystals with
satisfactory results. Only in the calculation of Cy of
GaAs did a significant difference with experimental data
occur. The difference could in part be attributed to the
error in the calculated equilibrium lattice parameter. The
formation energy of Ing, was calculated, and the volume
relaxation and the elastic strain energy of the crystal
outside the supercell contributed only a small correction
to the formation energy. From the defect formation
energy the maximum temperature of the miscibility gap
of InAs-GaAs was determined, and the result was in
good agreement with the result of a thermodynamic as-
sessment’® of the As—-Ga-In ternary system. Coherent
precipitates of InAs in GaAs and coherent InAs layers
consisting of a few monolayers on the (100) surface of
GaAs were predicted to be thermodynamically unstable
with respect to a dilute solid solution.
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